Mutants of herpes simplex virus type 1 (HSV-1) strain SC16, lacking each of the dispensable glycoproteins C, G, E, I or J, were examined for their ability to infect the apical or basolateral surfaces of polarized human epithelial cells. None of the mutants was significantly different from the wildtype parent when assayed on either surface. Since a previous report had demonstrated that glycoprotein C (gC) was necessary for the infection of apical surfaces of polarized epithelium, a second gC-negative mutant was constructed on a background of HSV-1 strain HFEM. This mutant dis-
Introduction
The adsorption of herpes simplex virus type 1 (HSV-1) to host cells in culture is dependent on cell surface heparan sulphate or related glycosaminoglycans (WuDunn & Spear, 1989 ; Lycke et al., 1991 ; Gruenheid et al., 1993) . Glycoprotein C (gC) of HSV-1, and its homologues in other alphaherpesviruses, is dispensable for infectivity but is nevertheless considered to play an important role in the initial adsorption of the virus to the host cell ; because gC is a heparin-binding protein, anti-gC antibodies will inhibit the binding of virions to cells, and virions which lack gC bind to cells with reduced efficiency (Fuller & Spear, 1985 ; Langeland et al., 1990 ; Herold et al., 1991 ; Trybala et al., 1994) . Glycoprotein B (gB) also binds to heparin, and virions lacking both gB and gC bind to cells with lower efficiency than virions lacking gC alone (Herold et al., 1994) . It is therefore proposed that in the absence of gC the initial interaction of virions with cell surface glycosaminoglycans is mediated by the weak binding activity of gB.
played no phenotype when assayed on the apical surface. Furthermore, neither gC-negative mutant differed from its wild-type parent in its adsorption kinetics or specific infectivity on non-polarized Vero cells, a result which is inconsistent with the view that interactions between gC and cell surface proteoglycans constitute the initial adsorption process. Our findings thus conflict with previous reports and suggest that proposed functions of HSV-1 gC in the infection of polarized and non-polarized cells may be strain-dependent.
The view that interaction of gC and cell surface glycosaminoglycans constitutes the primary adsorption mechanism is supported by studies of pseudorabies virus (PRV) and bovine herpesvirus-1. The gC homologues of these viruses are heparin-binding proteins, and mutants lacking gC bind to cells with reduced efficiency (Scheurs et al., 1988 ; Mettenleiter et al., 1990 ; Liang et al., 1991 ; Okazaki et al., 1991) . The initial, and dispensable, binding of HSV-1 gC to cell surface glycosaminoglycans is thought to be followed by a stable, nondispensable binding reaction involving other viral membrane protein(s). Glycoprotein D (gD) is the most likely candidate because soluble gD will block infection (Johnson et al., 1990) and gD-negative virions, unlike wild-type virions, fail to block infection by superinfecting virus (Johnson & Ligas, 1988 ; Forrester et al., 1992) . The receptor for gD for some, but not all, HSV-1 strains has been identified as a novel member of the NGF receptor family (Montgomery et al., 1996 ; Whitbeck et al., 1997) . Glycoprotein D of PRV is essential for the binding of gC-negative mutants and the binding is independent of cell surface proteoglycans, providing strong evidence that PRV gD is required for stable adsorption (Karger & Mettenleiter, 1996) .
Taken together, these findings lead to the consensus view that the binding of alphaherpesviruses to host cells is achieved by interaction of gC with cell surface proteoglycans and that A. Griffiths, S. Renfrey and A. Minson A. Griffiths, S. Renfrey and A. Minson this is followed by a stable binding of gD to a saturable receptor. The subsequent fusion of viral and cellular membranes is thought to be mediated by gB and the gH : gL heterodimer. Other viral glycoproteins appear to play no role in this process : virions lacking other, dispensable glycoproteins exhibit normal particle : infectivity ratios (e.g. Balan et al., 1994) , and the expression of gD, gB and gH : gL in transfected cells is sufficient to induce cell-cell fusion (Turner et al., 1998) .
Most studies of HSV-1 infection have utilized nonpolarized cells in culture but there is evidence that the process may differ in polarized epithelium. Sears et al. (1991) reported that a gC-negative mutant of HSV-1 was capable of infecting the basolateral surface but not the apical surface of polarized MDCK cells, implying a different route of infection at this site, and one in which gC plays an essential role.
The initial objective of the work described in this paper was to investigate potential functions for the dispensable glycoproteins C, E, G, I and J in the infection of polarized epithelial cells. Mutants of HSV-1 strain SC16 lacking each of the proteins were found to infect apical and basolateral surfaces as efficiently as the parental virus, and a gC-negative mutant of strain HFEM also displayed no phenotype in this respect. Glycoprotein C-negative mutants of strains SC16 and HFEM infected non-polarized cells as efficiently as the parental virus. These results conflict with previous reports and suggest that, in some strains of HSV-1, gC plays no significant role in the infection of polarized or non-polarized cells.
Methods
Cells and viruses. HSV-1 strain SC16 is a low passage isolate (Hill et al., 1975) and HSV-1 strain HFEM is a high passage syncytial strain. SC16-∆US4-Z, SC16-∆US5-Z, SC16-∆US7-Z and SC16-∆US8-Z are derived from HSV-1 strain SC16 and lack functional genes encoding gG, gJ, gI and gE, respectively. The construction and characterization of these viruses is described by Balan et al. (1994) . Viruses were grown in BHK-21 cells infected at an m.o.i. of 0n1 and were assayed on BHK-21 cell monolayers.
BHK-21 cells were grown in Glasgow modified Eagle's medium (GMEM) supplemented with 10 % newborn calf serum and 10 % tryptose phosphate broth. Vero cells were grown in GMEM supplemented with 10 % foetal calf serum. Caco-2 cells (a human epithelial cell line) were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 20 % foetal calf serum and 1 % non-essential amino acids.
Monolayers of polarized Caco-2 cells were prepared on 4n5 cm# polycarbonate filters of 0n45 µm pore diameter (Corning-Costar). Filters were seeded with 2i10' cells and assayed for electrical conductivity at various times after formation of the monolayer. Resistance reached a maximum 8 days after seeding, whereas similar monolayers of Vero cells achieved no change in resistance over a similar period (Fig. 1) . Polarization was also assessed by measuring rates of inulin diffusion (Hidalgo et al., 1989) . Monolayers of Caco-2 cells, 8 days after seeding, allowed less than 1 % diffusion per hour of radiolabelled inulin, a rate quoted by others as evidence for polarization in similar culture systems (Tucker et al., 1993) . Monolayers of Caco-2 cells were therefore used 8 or 9 days after seeding.
Construction of gC-negative mutants.
The gC gene and flanking sequences were obtained from a plasmid clone of the genomic ) were seeded onto polycarbonate membranes in ' transwell ' (Costar) chambers. At various times after seeding the medium in the upper and lower chambers was replaced with fresh medium and resistance across the membranes was measured using a Millicell voltammeter (Millipore). Results are expressed as ohms/cm 2 and each point is the mean value obtained from duplicate wells. , Caco-2 cells ; =, Vero cells ; X, no cells.
KpnI-T fragment of HSV-1 strain 17 (a gift from A. Davison, University of Glasgow). A 3n42 kb fragment (nucleotides 94911-98334 ; McGeoch et al., 1988) was obtained by digestion with NsiI and PvuII and inserted between the EcoRV and PstI sites of pGEM-5Zf (Promega). The UL44 gene was then disrupted by insertion of a lacZ expression cassette from pMV10 (Forrester et al., 1992) between the NheI and EcoRV sites (nucleotides 96276-97649). This plasmid was named p∆UL44-Z. In this construct the majority of the gC coding sequences, including the initiating ATG, are deleted. The lacZ expression cassette is oriented in the same direction as the deleted UL44 gene. Glycoprotein C-negative recombinant viruses were constructed by transfecting BHK-21 cells with 2 µg p∆UL44-Z linearized with NotI together with 30 µg DNA prepared from cells infected with HSV-1 strain SC16 or HSV-1 strain HFEM. Recombinant progeny were identified by X-Gal staining and cloned by limiting dilution. The viruses were named SC16-∆UL44-Z and HFEM-∆UL44-Z. The predicted genotypes were confirmed by restrictionhybridization analysis and the absence of detectable gC was demonstrated by Western blotting of infected cell extracts.
Virus particle counts. Virus particles were counted by the loopdrop method of Watson et al. (1963) , using latex beads 225 nm in diameter (Agar Aids). Suitable dilutions of virus were mixed with an equal volume of latex beads (10"!\ml) and made 1 % with respect to sodium phosphotungstate. Groups of 40 latex beads were counted and the corresponding number of enveloped virus particles observed was recorded. At least two grids were examined for each virus preparation, and at least three groups of 40 latex beads were counted on each grid.
Infectivity assays and identification of foci of infection.
Routine plaque assays were done by removing the medium from preformed monolayers and adding inoculum in 1 ml medium. After 1 h at 37 mC the inoculum was removed and replaced with fresh medium containing carboxymethylcellulose. Monolayers were then incubated for 3 days. Adsorption assays were conducted in a similar way except that monolayers and solutions were pre-chilled to 4 mC and manipulations were done at 4 mC. The inoculum was removed at various times, the monolayers were washed with three changes of cold medium and then transferred to 37 mC after addition of fresh medium containing carboxymethylcellulose.
Foci of infection on BHK or Vero cells were readily identified as plaques and were counted after staining with toluidine blue. Foci of IAI Adsorption of gC − HSV-1 mutants Adsorption of gC − HSV-1 mutants infection on Caco-2 cells could not be identified reliably by discerning CPE and were identified as described below. Infection with recombinant viruses, which contained a lacZ expression cassette, was detected by staining for β-galactosidase. Monolayers were washed once in PBS, fixed with 0n5 % glutaraldehyde in PBS for 15 min at room temperature, and washed with three changes of PBS. The monolayers were then overlaid with substrate solution containing 2 mM MgCl # , 0n01 % deoxycholate, 0n02 % NP40, 5 mM potassium ferricyanide\ferrocyanide and 1 mg\ml X-Gal. Foci of infection stained blue within 60 min and the monolayers were counterstained with 0n5 % phenol red. Parental viruses, which did not express β-galactosidase, were detected by immunostaining as follows : monolayers were washed once with PBS and fixed with acetonemethanol (1 : 1) for 3 min at room temperature. Non-specific binding sites were blocked by incubation in 10 % foetal calf serum in PBS (diluent) for 30 min at 37 mC. Monoclonal antibodies LP1 and LP2 against VP16 and gD, respectively (McLean et al., 1982) , prepared as ascites fluid, were diluted 1 : 200 in diluent and incubated with the monolayers for 1 h at 37 mC. The monolayers were then washed with three changes of diluent and incubated with biotinylated protein A (Amersham) diluted 1 : 200 for 1 h at 37 mC. The monolayers were then washed as before and incubated for 30 min at 37 mC in streptavidin-conjugated β-galactosidase (Pierce) diluted 1 : 1000. The monolayers were washed three times with PBS and overlaid with substrate solution as described above. Foci of infection stained blue after a few hours and monolayers were counterstained with 0n5 % phenol red.
Results
A gC-negative mutant of HSV-1 strain F is unable to infect the apical surface of a polarized epithelial cell line (Sears et al., 1991) , but to our knowledge mutants lacking other dispensable glycoproteins have not been examined in this way. We have described previously the construction of mutants of strain SC16 which lack gG, gJ, gI or gE, and reported that the particle : infectivity ratios of these viruses, when assayed on BHK cells, differed no more than two-fold from the parent virus. We therefore examined the ability of these mutants, together with a gC-negative mutant of strain SC16, to infect the apical or basolateral surfaces of polarized Caco-2 cell monolayers. Serial 10-fold dilutions of mutant and parental virus stocks were used to infect the apical or basolateral chambers of polarized Caco-2 cell cultures and the same inocula were used in standard plaque assays on BHK cell monolayers. Foci of infection were stained and counted after 2 days. All infections were performed in duplicate, titres were calculated from the mean plaque numbers and infectivity on the apical or basolateral surfaces of Caco-2 cells was expressed as a percentage of the infectivity on BHK cells (Fig. 2) . The infectivity of the parental virus is approximately 10-fold lower on the apical surface of Caco-2 cells than on BHK cells, and infectivity on the basolateral surface is reduced by a further factor of 10, probably due to the low rate of diffusion of particles through the membrane pores. None of the mutant viruses differed from the wild-type parent by more than a factor of two in their ability to infect apical or basolateral surfaces of Caco-2 cells, and given the combined errors it is unlikely that the observed differences are meaningful. The only phenotypic difference of note was that mutants lacking gE or enveloped particles (corresponding to 100-200 p.f.u. assayed on Caco-2 cells) was allowed to adsorb to the apical surface of polarized Caco-2 cells at 4 mC. At various times the inoculum was removed, and the monolayers washed three times with cold medium and incubated at 37 mC for 2 days. Foci of infection were counted and expressed as a percentage of the maximum infectivity recoverable under these assay conditions, as judged by the number of plaques observed after the longest adsorption period. The data were obtained in duplicate. The individual data points are shown and the lines drawn through the arithmetic means. , SC16 ; =, SC16-∆UL44-Z. gI exhibited a small plaque phenotype, a characteristic that has been reported before using a variety of host cell lines (Balan et al., 1994 ; Dingwell et al., 1994) .
The rates of adsorption were compared of the gC-negative mutant and its parent to the apical surface of Caco-2 cells, by adding the inoculum at 4 mC, removing the inoculum and washing the monolayers at various times before incubation at 37 mC. Plaques were then counted after 2 days. As shown in Fig. 3 , the adsorption characteristics of the gC-negative mutant and parental virus are similar. Since this result was unexpected, a gC-negative mutant of HSV-1 strain HFEM was constructed 4 enveloped particles (A) or 2i10 4 enveloped particles (B) were adsorbed to monolayers of Vero cells at 4 mC for 180 min in the presence of increasing concentrations of heparin. The inoculum was removed and the monolayers washed three times with cold medium before incubation for 2 days at 37 mC, and the number of plaques was counted. Each treatment was performed in triplicate. Each data point is shown and the lines drawn through the arithmetic means. (A) , SC16 ; =, SC16-∆UL44-Z ; (B) , HFEM ; =, HFEM-∆UL44-Z.
and particle : infectivity ratios were determined for stocks of HSV-1 strains SC16 and HFEM, and for their respective gCnegative mutants. The results in Table 1 show that the specific infectivity of the gC-negative mutants, measured on BHK cells or on the apical surface of Caco-2 cells, differs by no more than 2-fold from that of the parental viruses. Thus gC-negative mutants of strains SC16 and HFEM exhibited no discernible deficiency in their ability to infect the apical surface of Caco-2 cells.
Absorption of gC-negative virus to non-polarized cells
The results in Table 1 show that gC-negative mutants are unaltered in their specific infectivity on BHK cells, a result that is difficult to reconcile with the view that gC plays an important role in the infection process through binding cell IBA surface proteoglycans. The rate of adsorption of these viruses to Vero cell monolayers was therefore measured at 4 mC and, as shown in Fig. 4 , no differences were found between the adsorption characteristics of the mutant viruses and their wildtype parents.
Glycoprotein C-negative mutants of HSV-1 exhibited decreased sensitivity to inhibition by exogenous heparin (Herold et al., 1995) . The presumed explanation of this phenomenon is that since gC-negative virions are deficient in a receptor binding route (i.e. gC binding to heparan sulphate proteoglycans), this route is no longer available for blocking by exogenous heparin. We compared the ability of heparin to block the adsorption of strains SC16 and HFEM, and their respective gC-negative derivatives. Both parental viruses were shown to be sensitive to heparin (Fig. 5) , though the dose response is not identical and the gC-negative mutants are less sensitive. It is worth noting, however, that these experiments were performed with equal numbers of enveloped virus particles, which in the absence of heparin are of equal specific infectivity. It follows that, in the presence of heparin, gCnegative virions are of higher specific infectivity than parental virions, a finding which is difficult to reconcile with the view that gC-negative virions are deficient in a heparin sensitive adsorption route.
Discussion
We have reported previously that mutants of HSV-1 strain SC16 lacking glycoproteins E, I, G or J exhibit unchanged specific infectivity on cultured fibroblasts. It is now reported that these mutants have unchanged specific infectivity on the basolateral or apical surfaces of polarized Caco-2 cells, suggesting that gE, gI, gG and gJ play no role in virus infection of polarized or non-polarized cell surfaces. It was also found that gC-negative mutants exhibited no discernible phenotype on polarized or non-polarized cells, a result which contrasts with other reports. It could of course be argued that both parental viruses used in this study lacked a functional gC and were therefore defective prior to mutagenesis. However, this seems most unlikely. Both strains are gC-positive as judged by immunoblotting, both have particle : infectivity ratios in the normal range, and both exhibit a sensitivity to heparin which is decreased following deletion of gC coding sequences.
The gC-negative virions were indistinguishable from wildtype virions in their adsorption characteristics, but in the presence of exogenous heparin adsorbed more efficiently. Heparin inhibition data are not straightforward to interpret because, in addition to binding to gC, heparin binds weakly to gB and may play a role in triggering the fusion reaction (Shieh & Spear, 1994) . Nevertheless, it is difficult to reconcile the observation that gC-negative mutants are of higher specific infectivity than wild-type viruses in the presence of heparin, with the idea that gC plays an important role in adsorption. These observations suggest that gC plays little or no part in the adsorption process, but that the binding of heparin to gC can decrease the infectivity of the virion. Since cell surface glycosaminoglycans are required for HSV-1 infection, presumably in strains SC16 and HFEM the heparin binding activity of gB, rather than that of gC, is primarily responsible for the adsorption reaction, and the binding of exogenous heparin to gC can sterically inhibit this reaction. Hence a gCnegative virion is of higher specific infectivity than the parental virion in the presence of heparin.
Despite the weight of evidence that implicates gC of alphaherpesviruses in the adsorption of virions to the cell surface, the present data strongly suggest that gC of HSV-1 strains SC16 and HFEM plays no significant role in this process. In this respect these strains are similar to the only HSV-2 strain that has been examined (Gerber et al., 1995) . Previous studies of the role of gC in adsorption to nonpolarized cells are limited to the use of the KOS strain (Langeland et al., 1990 ; Herold et al., 1991 Herold et al., , 1994 Trybala et al., 1994) . Furthermore the most notable defects in the adsorption of gC-negative virions has been observed using radio-labelled virion binding as an assay, whereas adsorption experiments using infection as the readout (as in the present report) have shown less convincing differences between gC-negative and parental viruses (Langeland et al., 1990 ; Trybala et al., 1994) . Given the particle : infectivity ratios of HSV-1 it is difficult to be sure of the biological significance of virion binding assays.
It is clear that there is considerable evidence implicating gC in the adsorption of alphaherpesviruses. However the present results, like those obtained with HSV-2 (Gerber et al., 1995) , suggest that this may not be universally true and that the importance of gC in adsorption may be very strain-dependent.
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